the received signal phase [1] [2] [3] . Quadrature error results from the phase shifts other than 90 o between the I and Q receiver branches [1] , [2] , [4] . The I-Q gain mismatches are generated by imperfect mixers and filters at the receiver branches [1] , [2] . In [1] , the influence of static phase error, quadrature error, and I-Q mismatch on the conditional symbol error probability (SEP) in detecting uncoded MPSK signals transmitted over a fading channel was studied. In [2] , a new expression was presented for the average SEP of the uncoded MPSK signals with an I-Q imbalance over additive white Gaussian noise (AWGN), Rician, and Rayleigh fading channels. Taking the quadrature error into account, Park and Cho [4] presented new expressions for the average SEP of MPSK, as well as the individual SEP of each MPSK signal in the AWGN channel.
In this letter, the BER degradations caused by receiver imperfections when low-density parity-check (LDPC) coded MPSK signals are transmitted over the Rician fading channel are determined by computer simulations. Unlike [1] [2] [3] , where the static or uniformly distributed phase error was observed, we consider the phase error as a stochastic process with the Tikhonov probability density function (PDF) [5] , which is a more realistic model. We also take into account all other receiver imperfections from [1] [2] [3] [4] . While other studies treated the problem of the influence of receiver imperfections on BER performance, where uncoded MPSK signal transmission was observed [1] [2] [3] [4] , we use large-girth LDPC codes [6] , [7] 
where r(t) is the fading envelope, θ i (t) is the information bearing phase
where M is the number of phase levels. The stochastic phase due to transmission over the fading channel is denoted by γ(t), and the in-phase and quadrature white Gaussian noise components with zero mean value and variance σ 2 are respectively denoted by x(t) and y(t). After multiplication by reference signals with the estimated phase denoted by ˆ( ) t γ , the outputs of the lowpass filters at the in-phase and quadrature branches are
where a I and a Q are the signal amplifications in the in-phase (I) and quadrature (Q) branches, respectively. The quadrature error due to phase shift between the I and Q branches is denoted by ψ. The phase error
is a stochastic process with the Tikhonov PDF [4] 
where I 0 (.) is the modified Bessel function of the first kind and zero order, and α is the signal-to-noise ratio (SNR) in the phase-locked loop (PLL) circuit, which can be specified in terms of the standard deviation of the phase error as
. The I-Q mismatch is specified by the parameter a r =a I /a Q . In (3), x g (t) and x d (t) are the zero mean Gaussian processes with variance σ 2 . The correlation coefficient between
The samples of the signals z I (t) and z Q (t) in the time instant t k are fed to the a posteriori probability (APP) demapper, deinterleaver, and LDPC decoder. The LDPC codes under study in this letter belong to the class of quasi-cyclic (QC) LDPC codes [6] , [7] . Detailed descriptions of the encoding and decoding processes, as well as symbol and bit log-likelihood ratios for this type codes are given in [6] , [7] . Example 1. By selecting p=773 and S={0, 2, 7, 3, 30, 38, 65, 97, 138, 158, 209, 298} (parameter p and set S are defined in [6] , [7] ), an LDPC code LDPC (9276, 6959) of rate R=0.75, column weight 3, and girth 8 is obtained. We design the LDPC codes with codeword lengths of 9276, 7116, and 4320 to compromise between the code performance and decoding algorithm complexity. For decoding, 25 iterations are sufficient because the improvement with more iterations is negligible.
III. Simulation Results and Conclusions
The LDPC encoder codewords of length n are written rowwise into the mxn block interleaver. The m bits at time instance i are taken column-wise from the block interleaver and Graymapped to determine the information bearing phase θ i (t) out of M=2 m possible phases. A Rician fading channel is simulated using (1), where samples corresponding to x F (t) and y F (t) are generated by the improved Jakes model [8] . The phase error ϕ(t) with the Tikhonov PDF is generated by the acceptance/ rejection method [9] . The Gaussian noise components x g (t) and x d (t) are generated using the Box-Muller method [9] . The variables a I , a Q , and ψ from (3) are used as the system parameters, as well as σ ϕ , which is needed for calculating (4).
The BER values are estimated by applying Monte Carlo simulations based on 3,000 information bit errors. The influence of imperfect reference signal recovery on the BER performance of LDPC-coded QPSK signal is presented in Fig. 1 . The proposed code LDPC (9276, 6959) has large coding gain in the Rician fading channel and is also robust to the deleterious effects of the stochastic phase noise. For BER=10 -5 , when reference signal recovery is perfect, the coding gain is 10 dB. When σ ϕ =10 0 , the coding gain is 24.3 dB. . From a comparison of BER dependences for codes LDPC (7166, 5339) and LDPC (9276, 6959), we conclude that further increase in codeword length for the same girth and code rate leads to little improvement in coding gains. Simulation results show that these LDPC codes do not exhibit a BER floor as low as BER=10 -6 . The mean-time to lock loss could be a significant problem when PLL is used in a fading environment, especially at low SNRs. It is also important to perform closed-loop nonlinearmodel simulations including the carrier recovery PLL in order to determine the LDPC performance degradation at low SNRs due to repeated loss of lock. However, this is beyond the scope of this study and will be addressed in future.
